We investigated direct measurement of the DNA content of the parasitic intestinal flagellate 
Introduction
The intestinal parasite Giardia famblza is a binucleate flagellated protozoan that lives within the small intestine of mammals, reptiles and birds and reproduces by binary fission (2) . Giardia is considered one of the most primitive eucaryotic cells on the basis of a comparative analysis of the gene sequence that encodes the small subunit or 16s ribosomal RNA (18, 20) .
A number of studies utilizing densitometry of isolated chromosomes or Cot analyses have estimated the genomic complexity of Gt;lrdia to be 1.2-8.0 x lo7 BP and that each trophozoite may contain 30-50 chromosomal DNA molecules, split between the two nuclei (2, 3, 4, 9, 14, 19, 20) . Light microscopic investigations have been complicated by the small size of the nuclei, ~1-1.5 Bm in diameter, but have suggested that each nucleus may contain four chromosomes (10, 12, 14) . Pulsed field gel electrophoresis studies have shown the presence of five distinct sets of chromosomes (2, 3) 
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have also provided suggestive evidence for the existence of different species of Giardia in humans, mice, and birds (6) . which subsequently has been borne out by rRNA sequence analysis (20).
Here we report the direct assessment of the amount of DNAFeulgen staining in individual trophozoites and cysts of Giardia fambhz using Feulgen absorption microspectrophotometry and fluorescent visualization of the Feulgen-DNA dye product by laser scanning confocal microscopy. Comparison of DNA-Feulgen staining in Giardia to empirical standards derived from chicken erythrocytes or rat sperm have enabled us to derive an estimate of 0.072-0.078 pg/DNA for each nucleus in the binucleate trophozoite or quadranucleate cyst, respectively, and likewise a genomic complexity was estimated that ranged from -6.5 x lo7 BP for trophozoite nuclei to 7.1 x IO' BP for cyst nuclei.
Materials and Methods
Cells. G'zardialamblia trophozoites were grown in axenic culture (WB strain) in a modified R I -S -3 3 medium supplemented with bile (7); cysts were kindly provided by Mr. Walt Jakubowski and Dr. Frank Schaefer, I11 (US Environmental Protection Agency. Cincinnati. OH). Trophozoites or cysts of G. lamblia in stationary phase and droplets of chicken blood and rat sperm were air-dried separately on poly-L-lysine-treated slides. 
Feulgen Staining. Feulgen staining was carried out by methods previously described (15-17). Briefly, trophozoites were air-dried from PBS onto glass slides and then fixed in a mixture of methanol, formaldehyde, acetic acid (15:5:1, v/v) for 10 min, washed in deionized water for 10 min, and then air-dried again. DNA hydrolysis was carried out at 22'C in 5 N HCI for 30 min. After a 15-20-sec rinse in 0.01 N HCI, the slides were stained for 2 hr in freshly prepared 1% S W s reagent, decolorized, and mounted in 1.524 refractive index liquid to minimize nonspecific light loss due to scatter.
Immunostaining. A fluorescein-conjugated mouse monoclonal antibody (MAb) specific for the cyst wall of Giardia ( 8 ) was obtained from either Meridian Diagnostics (Cincinnati, OH) or BioVir Laboratories (Benicia, CA). Before immunofluorescence labeling, Feulgen-stained samples of Giardia cysts were rinsed with PBS, followed by PBS containing 0.1% bovine serum albumin (Sigma; St Louis, MO) to minimize nonspecific staining. Samples were then incubated for 30 min with fluorescein-conjugated MAb to Giardia, rinsed with PBS, and mounted in glycerol-PBS (91 v/v), pH 8, containing 0.05% p-phenylenediamine.
Microscopy.
A Vicken M85 flying spot, scanning and integrating microdensitometer was used with the high-resolution 1 x 1 scanning pattern and a x 100 NA 1.32 objective, as previously described (15-17). Briefly, measurements were made at 560 nm by the subtractive method, i.e., readings through a background area were subtracted from the reading for a scan through an adjacent area containing an individual trophozoite or cyst. Rapid data display, storage, and retried for statistical processing were accomplished with a SOL IIIA microprocessor interfaced to the Vicken M85 cytometer (15). Photomicrography of Feulgen-stained cells was accomplished by using arcitation at 568 nm and emission at >585 nm in a Bio-Rad (Richmond, CA) MRC 600 laser scanning confocal microscope equipped with a dual krypton-argon laser. Reconstruction of adjacent optical sections (Zseries) and pseudocolor rendition ofthe cells were performed with the BioRad CM program. Pxudocolor visualization of the Feulgen stain was accomplished by assigning Feulgen staining as red or red-orange, fluorescein-antibody conjugated staining as green, and trophozoite cytoplasm as black.
Results
Representative Feulgen-stained nuclei from Giardia Lamblia trophozoites or cysts are shown by laser scanning confocal microscopy in Figures 1A-1C . Feulgen staining was detected in two oval-shaped nuclei, each about 1.2-1.5 pm in diameter, located in the anterior rounded end ofthe trophozoite. G. lamblia cysts studied each contained four nuclei, which was confirmed by immunofluorescent detection of the cyst wall and optical serial reconstruction of the cysts on the Z-axis ( Figure 1B) . For microdensitometry, owing to the small size of the nuclei, the entire nuclear region of the trophozoite or cyst was centered in the measuring aperture. No attempt was made to distinguish between different sizes or staining of nuclei, except to exclude dividing trophozoites because they did not contain spherical Feulgen-positive nuclei but instead had nuclear profiles containing five chromosome-likc bodies that were positively stained (Figure IC) .
Quantitation ofthe scanning measurements of Feulgen dye content in the nuclear region of 895 trophozoites and 625 cysts from four different experiments and also for scans of reference standards, i.e., rat sperm ( n = 50) and chicken erythrocytes (n = 250) are shown in Table 1 . The error in reproducibility when an individual chicken red blood cell nucleus was measured was 0.9-1.2%, whereas the codficient of variation in measuring a population of 50 chicken red blood cell nuclei was 1.8-2.1%. Repeated scans ofa single c;riwdia trophozoite gave a 15.7% error of reproducibility and coefficients of variation of 16.5-19.6% for sets of 100 measurements of different trophozoite nuclear pairs.
DNA-Feulgen units for Giardia trophozoites or cysts were converted from relative absorbance in machine units to estimates of actual DNA content based on the comparison to reference standards, i.e., 3.0 pg DNA/rat sperm and 2.5 pg DNAkhicken erythrocyte. Zophozoites of G. hmblia contained 0.144 f 0.018 pg DNA (n = 895), and cysts had 0.313 i 0.034 pg DNA (n = 625). When converted to a value for a single nucleus, this yielded a range of 0.072 and 0.078 pg DNA for trophozoites and cysts, respectively. Using the nuclear values for DNA content, the complexity of the Giardia genome can be calculated in terms of base pairs (BP) based on previous conversion formulae (5,lS) and is estimated here to be 6.5 x lo7 to 7.1 x lo7 BP/single nucleus oftrophozoites and cysts, respectively.
Discussion
To our knowledge, this study provides the first evidence for the direct measurement of DNA in individual Giardia Lamblia trophozoites or cysts. Using Feulgen-DNA measurements in more than 1500 cells, we detected a DNA content of 0.072-0.078 pglnudeus, or 0.144 * 0.081 pg/DNA for binucleate trophozoites and 0.313 * 0.034 pg DNA for quadranucleate cysts, respectively. These values for nuclear content agree very closely on a cellular basis with the value of 0.15 pg DNA per binucleate organism reported by Kabnick and Peattie (12), although no information was provided as to how this value was calculated. Similarly, a comparison of the genetic complexity of the Giardia genome based on quantitation of Feul- 4,9,14) . The nuclei of Giardia have been thought to be haploid in content (12) and to contain four chromosomes (10,12). However, analysis of chromosomes isolated by pulsed field gel electrophoresis (2,3) has shown that they range from 1.4-3.5 megabases (MB) in size, with an average size of 2.3-2.5 MB. Based on the genomic complexity values for Giardia obtained in this study, it is estimated that Grhdia contains 130-140 MB of total DNA which, when divided by the chromosomal size, suggests the presence of 50-60 chromosomal DNA molecules per nucleus, avalue that is in reasonable agreement with the 30-50 chromosomal DNA molecules estimated by pulse gel electrophoresis (3). Based on the five chromosomes detected by confocal microscopy, each of the chromosomes in each nucleus would consist of 10-12 copies, and this supports the proposed hypothesis (2,3) that nuclei in Giardia are polyploid rather than haploid in DNA content. Owing to the small site of these chromosomal elements (<0.3 pm) and their orientation, determination of the exact number or identification of individual chromosomes is difficult. However, with the development of specific gene probes [telomeric (I), rDNA, distinct markers for individual chromosomes (I)], it should be possible to correlate in situ hybridization cytogenetic observations on chromosomal numberltype with similar studies performed with pulsed gel electrophoresis (1 1).
The differences in the DNA content of Giardia trophozoites (0.144 pglcell) vs that detected in cysts (0.156 pgltrophozoite, two cellskyst) may reflect either a variation in DNA content that occurs in concert with encystment or may reflect a difficulty in detection of the low levels of DNA within this organism. Differences in DNA content of up to fourfold have been detected between cultured and tissue forms of Entamoeba histolytica, and it has been postulated that this might result from an alteration in the parasite's environment (13). However, our values for genome size (C), based on a single trophozoite nucleus (0.072 pg DNA) vs a single cyst nucleus (0.078 pg DNA), agree within 1096, suggesting that the observed differences might be due, in part, to somewhat greater nonspecific light loss owing to scatter when measuring cyst populations. This hypothesis is supported by the larger coefficients of variation for DNA measurements in Giardia vs control cells, and might also be due to the very low levels of DNA measured within these organisms. Alternatively, it is possible that chromosomal material is lost during mitotic division of trophozoites, thus resulting in consistently lower values for DNA content in cultured trophozoites than in cysts harvested from animals.
Comparative studies on the DNA content of trophozoites and cysts from different Giarda spp., together with studies utilizing gene probes, may provide helpful information about variation of genomic complexity within this genus and may help to clarify the pivotal role these organisms might play in the evolutionary development of eukaryotic cells (18,20).
